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ABSTRACT

Fast-changing fashion trends have resulted
in increases in textile production and
waste generation. The environmental
impacts of the production, consumption
and end-of-life of textiles are amply documented. Therefore, the industry has
started to shift from the linear economy
principle of ‘take-make-waste’ to the circular economy concept, where textiles can
reenter the life cycle rather than being
wasted and thus form a closed loop,
resulting in resource savings and reduced
environmental impacts. To this end, valorization of solid waste streams from the textile industry to
recover fibers and marketable value-added products has gained increasing attention in recent
years. Textile waste valorization involves three main steps: pretreatment, enzymatic hydrolysis and
fiber regeneration. This review presents the main methodologies and the most recent technical
developments in these valorization strategies, the value-added products obtained and their applications. Furthermore, the review describes fermentative products synthesized using cellulosic glucose
from the cotton fraction of waste streams. Gaps and challenges in existing strategies are identified
for potential future research. This review will help to apprize researchers and practitioners of
important recent developments in effective textile valorization via upcycling and guide them in the
design of efficient strategies for sustainable management of textile waste streams.
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1. Introduction
‘Fast fashion’ and ‘fast style’ have led to tremendously shortened textile lifespans, resulting in
overconsumption of clothing, excessive use of nonrenewable energy resources and water, and
generation of waste from both production and consumption of textiles (Piribauer & Bartl, 2019).
Extensive resource and water use, together with chemical- and energy-intensive manufacturing
processes, result in huge emissions and environmental harm. Globally, textile and clothing is considered one of the most polluting industries (Pensupa et al., 2017). Given current trends, the textile industry is expected to represent 26% of the global carbon footprint by 2050, with its
nonrenewable energy use emitting a cumulative 300 million tons of carbon dioxide, and 22 mil€
lion tons of microplastics released into the oceans (Utebay
et al., 2020). The textile industry is
also responsible for discharging enormous amounts of waste water and solid waste (i.e. fabric)
generated daily in each step of a garment’s life cycle. This review focuses on the management and
valorization of solid waste from the textile industry, which is the second largest waste stream
from this sector
Solid textile wastes are generated at two levels (Table S1): (1) preconsumer textile waste, which
includes waste generated during production processes, such as fiber waste, fabric scrap and yarn
waste; (2) postconsumer waste, which mainly consists of discarded clothes.
These wastes are heterogenous and contain a mixture of natural and synthetic fiber materials
like cellulose (cotton), polyester, silk and other substances such as buttons and zips, making fiber
recovery and their disposal more challenging (Pensupa et al., 2017).
According to the European Waste Framework Directive, the permissible management options
for solid textile waste are prevention and reuse, or, if those are not possible, mechanical/biological/chemical recycling and recovery of the fiber is the next option. Post-consumer waste can
be reused, but this may not be a scalable solution (Subramanian et al., 2020), in which case recycling is the next preferred option. However, recycling is highly challenging, as postconsumer
waste consists of multimaterial fibers that are not easily recoverable (Piribauer & Bartl, 2019).
Currently, most fiber/fabric recycling routes involve downcycling – i.e. the recycled product is of
lower quality than the original (Sandin & Peters, 2018). For instance, textile waste can be transformed into thermal insulation products (Briga-Sa et al., 2013; Gounni et al., 2019), added as a
binder in hydraulic lime to form cement products (Barbero-Barrera et al., 2016), used as composite materials in gypsum and cork (Vasconcelos et al., 2015), applied to generate renewable sources
of energy (Nunes et al., 2018) and incorporated into various geotextile applications, such as those
used for roads. Most textile wastes ultimately end up in either landfilling or incineration, which
themselves have numerous undesirable environmental impacts. For example, leachate generated
from landfilling of textile waste leads to the contamination of water resources and release of
methane, a greenhouse gas. Incineration produces toxic compounds, which cause serious air pollution and affect ecosystem quality and human health. Additionally, recycling, depends on nonrenewable resources, as recycling processes require energy and chemicals that are fossil-based,
contributing to greenhouse gas emissions.
Clothing is a basic human need. However, with fast fashion influencing textile purchasing habits, textile production and consumption will inevitably increase over the coming years. The tremendous growth in the demand and consumption of textiles, and the subsequent huge amounts
of waste, have given impetus to the circular economy (CE) concept in textile industries in recent
years (Ma et al., 2020). The CE crucially depends on sustainable practices to manage the textile
solid waste generated at pre- and postconsumer levels. Cotton and polyester are the two most
widely used fibers in textile production. Recovery of these fibers from solid wastes is a potential
waste management strategy to mitigate the environmental impacts by minimizing further production of these fibers (Wang et al., 2019). As the industry has started to shift from the linear economy principle of ‘take-make-waste’ to the CE concept, textiles increasingly reenter the life cycle
to form a closed loop, resulting in resource savings and reduced environmental impacts.
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Mechanical recycling is the most used process to recycle the textile fabric waste generated at both
preand postconsumer level by shredding and carding the waste without any chemicals to extract
the fiber from the fabric. The extracted fibers can be mixed with virgin fibers and spun into yarns
for either woven or knitted fabric. In order to achieve a good yarn strength and fineness, more
virgin fibers have to be added. Increasing the recycled fiber content is still a challenge. The woven
fabric recycling is even more complicated as compare to knitted fabric, resulting in shoddy yarns
and poor recycling efficiency. More recently, these recycled fibers are attracting a selected premium like the denim jeans made from mechanically recycled cotton. Also, machines that can
shred waste fabrics to apparel grade fibers are being researched and developed. Several examples
include: (i) fiber recycling machine for extracting fiber from woven and non-woven fabrics and
hard thread waste was patented. This machine includes a plurality of wire would rolls at successively higher rotational speeds with carding segments. The leading carding segment is wire
clothed, while the trailing side is covered with a granulate covering like sand paper, facilitating
extracting of usable fibers (US 6061876 A). (ii) Patented recycled technology to clean, and open
selected cotton waste and blend it with cotton fibers to produce garments (US 20110250425A1).
Through this technology, a garment with yarn that has three different types of cotton waste, can
be produced. (iii) Another patented recycling technology is developed for processing textile waste
to obtain cotton fiber includes and comprises of the following five steps: (i) sun-drying and soaking the textile waste for 30 minutes in a clean pool; (ii) clean the textile waste for 30 minutes in a
rinsing pool; (iii) dewatering and drying; (iv) shredding using fabric shredding machine; (v) carding using a scutching machine (CN105780201A). Compared to existing recycling technologies,
these patented inventions claim to save resources and reduce environmental pollution. Although
this recycling process seem to have a potential in the potential mainstream apparel, the main disadvantage of mechanical recycling is the loss of fiber quality. Since mechanical shredding of textiles is a physical process consisting of carding, combing and spinning, which would damage the
length of the fibers. Hence, mechanical recycling is not included within the scope of this review,
as the main focus of this review is on upcycling techniques that create the necessary environmental and economic push for a Circular Economy.
Valorization of textile waste is one such CE-inspired concept that offers a range of options for
upcycling solid textile waste to recover the fibers and produce various value-added products.
Cotton, for example, which is the single most heavily used textile fiber, has a high valorization
potential, as its high cellulose content makes it a suitable feedstock for biorefineries to manufacture biofuels, biochemicals and bioenergy using microorganisms as cell factories (Li et al., 2019b).
However, most cotton textiles are blended with polyester and/or other fibers. Valorization strategies have been developed to recover polyester and sugar (value-added products) from cottonblended textiles (Li et al., 2019b). The advantages of valorization via upcycling have prompted the
research and design of methods for the recovery of fibers for reuse and of fermentable sugars to
produce marketable bio-based products. Furthermore, the number of publications related to textile waste valorization has grown rapidly in recent years (Li et al., 2019b).
Existing reviews provide an overview of various solid textile waste valorization strategies to
recover sugar from cellulosic fibers via physico-chemical, thermal and bioconversion methods as
well as their associated challenges (Pensupa et al., 2017; To et al., 2019). These reviews can help
the first-time practitioner/researcher to understand the concept of textile waste valorization and
discover the various valorization strategies that have been developed. This review focuses on
recent efforts to recycle solid waste from textile industries. A detailed information on the types of
solid waste generated, pretreatment and hydrolysis methods for the extraction of fermentable sugars, and downstream processes encompassing the regeneration of fibers, value-added products
and their applications is provided. The review also describes fermentative products synthesized
using cellulosic glucose from the cotton fraction of waste streams. Finally, challenges in managing
these waste streams through valorization techniques are discussed, and potential solutions are
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provided. This review will help apprize researchers and practitioners of important recent developments in effective textile valorization via upcycling and guide them in the design of efficient strategies for sustainable management of waste streams from the textile industry.

2. Solid waste streams from textile industry
The global textile market is dominated by cellulosic fibers such as cotton and synthetic fibers
such as polyester. Cellulose is the major constituent of cotton (90%), and other constituents
include hemicellulose, lignin and pectin (Ansell & Mwaikambo, 2009). The environmental impacts
of the production, consumption and end-of-life of textile materials made of these fibers are amply
documented. The large amount of water needed for irrigation of cotton fields creates water stress,
and the use of pesticides during irrigation damages human health and the ecosystem. Synthetic
fibers are also environmentally harmful to produce, being nonrenewable materials derived from petroleum by-products. They are also non-biodegradable, adding further to the waste disposal problem
(Li et al., 2010). Various textile fibrous wastes are generated during the production of cotton and
synthetic textiles and after use. Table 1 lists the types of solid wastes generated. Owing to the difficulty involved in recycling or adding value to the textile waste generated, most of them are disposed
of in landfills or incinerated, neither of which is environmentally viable.
Considering the environmental consequences associated with synthetic polymer production,
need for biodegradable materials to develop a sustainable textile economy, and the upcoming generations making more environmentally conscious choices, synthetic fibers may be impacted and
replaced with bio-polymers in the near future. But natural fibers like cotton, will still be widely
popular. Environmental issues like pollution levels and BMIOAc arable land restrictions along
with the increasing need for cellulosic fibers have led to the development of man-made cellulosic
fibers. Currently, viscose and lyocell processes are the two significantly commercialized procedures to produce man-made cellulosic fibers that can be recycled further (Lindstr€
om &
Henriksson, 2016). Both these processes use highly pure, dissolving grade pulp as cellulose source
or raw material for upcycling the cotton waste. At industry scale, TencelTM uses the REFIBRATM
recycling technology to produce lyocell fibers by upcycling substantial proportion of preand postconsumer cotton waste with virgin wood pulp and use the high quality regenerated fibers as a
part of raw material proportion (TencelTM, n.d.). Renewcell’s recycling technology transforms
used cotton, viscose and other cellulose rich materials into a biodegradable raw material for
R ’ pulp that can be used to make virgin quality viscose or lyocell fibers
developing ‘CirculoseV
(Renewcell, n.d.).
At laboratory scale, Haslinger et al. (2019) upcycled cotton-polyester blended textile waste by
first dissolving the cellulose component using (DBNH) (OAc) superbase based ionic liquid. After
removing the PET, the solution was subjected to dry-jet wet spinning to produce regenerated cellulose fibers with tensile properties that match the commercially produced lyocell fibers with
wood pulp (Haslinger et al., 2019). Along with high quality raw material requirement (virgin
wood pulp), viscose and lyocell process have potential environmental issues such as emissions to
water and air from pulp mill, ii) stabilizing chemicals needed in the manufacturing process to
avoid the risk of hazardous runaway reactions(Ma et al., 2020; Michud et al., 2016). Despite the
environmental concerns, upcycling of cotton waste to produce man-made cellulosic fibers is considered as the first sustainable reuse of the textile wastes. Nonetheless, a shift from the existing
highly polluting processes to a more closed loop process is essential to meet the legislative and
environmental conscious needs of a consumer (Ma et al., 2020).
The N-methylmorpholineN-oxide (NMMO) based Lyocell process (Michud et al., 2016) is currently the only commercialized alternative to the conventional viscose production process. The
cellulose-NMMO-water undergoes several side reactions and by-product formation, and requires
a stabilizer to reduce the chance of dangerous runaway reactions. Around 90-95% of NMMO are

Hydrothermal method

Enzymatic saccharification

Submerged filamentous fungal Fungal cellulase
fermentation

Pyrolysis

Polymerization and
carbonization

Torrefaction

Ethanol fermentation

Acid leaching, regeneration of
the spent acid (switchable
hydrophilicity solvent)

Multiphase blends

Waste cotton fabrics

Cotton-based waste textiles

Cotton/PET blended textile

Denim fabric waste as a
carbon precursor

Waste cotton textile

Textile fibers with different blends
(cotton/polyester, acrylic/wool,
acrylic/polyester, acrylic/viscose)

Pretreated cotton fabric

Waste jeans

Mixed fiber bulk

Textile fiberreinforced
composite (TFRC)

Polyethylene
Terephthalate

Bioethanol

Biochar

Microbial fuel
cell (MFC)

Activated carbon
fibers (ACFs)

Bacterial
cellulose (BC)

Microcrystalline
cellulose

Cellulose
nanocrystals
(CNCs)

Mixed acid hydrolysis

Cotton waste consisting of short
fibers, mixed with dust and other
unknown components

Glucose

High value-added
products obtained

Enzymatic hydrolysis

Valorization processes used

Cotton/PET blended textile waste

Textile waste stream types/systems

Table 1. Value-added products and their applications.
Conversion efficiency/Performance

Food packing,
biomaterials,
cosmetics, electric
conductors or
magnetic materials
Biofuel production

Biocomposites

(Echeverria et al., 2019)

(Yousef et al., 2020)

(Nikolic et al., 2017)

lu et al., 2019)
(Hanog

(Zeng et al., 2018)

(Silva et al., 2018)

(Srivastava et al., 2018;
Wang et al., 2018)

(Hong et al., 2012; Wang
et al., 2019)

(Chartrand et al., 2017;
Hou et al., 2018)

(Maciel et al., 2019)

Hydrogels and
biomedical
applications

References
(Li et al., 2019b)

Applications
Bioethanol production

With a b-glucosidase dosage of
1731 ± 4.98 U/g, the highest total
cellulase activity obtained was
1.18 ± 0.05 FPU/g
The obtained ACFs showed mesoporous Removal of textile dye,
features (average pore diameter of
Remazol Brilliant Blue
3.60 nm) and high yield (53%)
R from
aqueous solution
Electrode
The fabricated MFC achieved a
maximum power density of
931 ± 61 mW/m2
Cellulosic fibers (cotton and viscose)
Bioenergy
yielded the lowest biochar amount.
Blends containing polyester achieved
higher biochar production.
Mercerized cotton fabric was a more
Alternative fuels
efficient material with a higher
ethanol productivity of 0.900 g/(Lh)
and ethanol yield of 0.94 g/g (based
on glucose) after 6 h of
fermentation time.
The percentage of polyester in the
Fibers
recovered materials amounted to
16 wt% with an average recycling
rate of 96.3%.
Enhanced performance for moisture
Building
resistance was found in a series of
innovative TFRCs.

The maximum glucose recovery yield
was 98.3%.
The obtained CNCs exhibited a good
crystallinity index varying from 75%
to 81% and thermal stability between
146  C and 200  C.
The maximum yield of extracted
microcrystalline cellulose was 85.54%
and the degree of polymerization
reached 228.
BC from cotton cloth hydrolysate was
obtained with high tensile strength
at a yield of 10.8 ± 0.4 g/L.
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recovered for reuse, but does not guarantee a complete risk-free process. The Ioncell-F process is
a more recently developed Lyocell-type process for the manufacture of regenerated cellulosic
fibers using ionic liquids (ILs) as a direct cellulose solvent. 1,5-diazabicyclo[4.3.0]non-5-eneacetate
([DBNH]OAc), a non-imidazolium-based IL, has demonstrated excellent properties for the dissolution of cellulose and its subsequent regeneration into filaments exhibiting outstanding properties
that are superior to cotton, viscose, and existing commercial Lyocell fibers.
With increasing interests toward cellulose dissolution in the last two decades, scientists have
drawn attention toward biorefining or valorization techniques to recover polyester and add value
to the textile waste. A potential alternative treatment for cotton waste, which is rich in cellulosic
material with a high degree of polymerization and crystallinity, is biorefining to convert the cellulosic part of the textile waste into fermentable sugars and recover the polyester for material recycling and reuse. For instance, cotton-based textile waste can be converted into glucose and
biofuel ethanol (Ranjithkumar et al., 2017) or synthesized into a variety of regenerated cellulosic
fibers such as cellulose acetate and viscose (Homem & Amorim, 2020). However, due to the
highly compact crystal structure of cotton, the valorization of cotton components still struggles to
ensure a high conversion rate and product yield. For synthetic textiles, synthetic polymers can be
extracted from either 100% synthetic or blended textile waste materials and regenerated to produce filament yarns, such as polyester and nylon (Wang, 2007).
Since this review mainly focuses on valorization techniques related to the biochemical degradation of cellulosic substrates mixed with polyester, the subsequent sections will specifically cover
this aspect in detail. Figure 1 illustrates the different steps in valorization and the byproducts
obtained. Valorization of textile waste to recover polyester and fermentable sugars involves three
main steps: pretreatment, enzymatic hydrolysis and fiber regeneration. The most recent developments in these processes are discussed below.

3. Textile waste valorization
3.1. Pretreatment
Pretreatment is carried out to prepare the cellulosic part of textile waste materials for further
treatment. Pretreatment processes reduce the structural compactness of textile materials, remove

Figure 1. Existing valorization strategies and by-products obtained.
Note. PET: Polyethylene terephthalate; PLA: Polylactic acid.
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the surface impurities and enhance the hydrophilicity so that the material can be easily subjected
to subsequent processes or reactions for conversion into glucose or other raw products (Kassim
et al., 2016). Effective pretreatment methods can increase the concentrations of fermentable sugars after enzymatic saccharification, thereby improving the efficiency of the glucose or bioethanol
production (Rajendran et al., 2015). Pretreatment methods are grouped into three categories:
physical, chemical and physico-chemical.
In physical pretreatments, the particles of biomass are reduced in size to increase the specific
area of the biomass. Physical pretreatments of textile biomass enhance the reactivity of the fibrous
materials during the subsequent chemical treatments (Dimos et al., 2019). Chemical pretreatment
methods, which are considered the most cost-effective, are used to increase the yield of glucose
and remove the synthetic component of a blended fabric (Ukaegbu Chinonso et al., 2014).
Commonly used chemicals are acids, alkalis, ionic liquids and supercritical fluids (SCF). However,
due to the high pressure requirement and the costly storage of the pretreatment chemicals, the
overall SCF process has not been proven to be economically viable (Brodeur et al., 2011). Thus,
SCF treatment is rarely used in recycling textile biomass. Recently, physico-chemical methods
have been used for separation of cotton and polyethylene terephthalate (PET) by using biodegradable organic acids. More details of the major chemical and physico-chemical methods and recent
advances are summarized below.
3.1.1. Chemical Pretreatment
Acid pretreatment. The microstructure of cellulose fibers can be decomposed by various acids,
including inorganic or mineral acids (sulfuric and phosphoric acids) and organic acids (malic and
oxalic acids). These acids hydrolyze hemicellulose into its monomers by destroying the polymeric
bonds, which enhances the abundance and surface activity of cellulose and thereby increases biodegradability (Keskin et al., 2019). Whereas the amorphous region of cellulose is hydrolyzed, the
crystalline regions, which are richer in both reducing and non-reducing ends, are exposed to
enzymes, which facilitates the enzymatic action to release sugars (Jeihanipour & Taherzadeh,
2009). Although acid treatment delivers good glucose yields, it faces several problems, including
the formation of fermentation inhibitors such as furfural, high cost of acids and the need for corrosion-resistant equipment (Dimos et al., 2019). Among the inorganic acids, sulfuric and phosphoric acids are the most commonly used to pretreat textile waste, and glucose yields exceeding
80% have been obtained for 100% gray (unfinished) cotton fabrics (Rajendran et al., 2015;
Ranjithkumar et al., 2017).
Sahu and Pramanik examined the applicability of organic acids for pretreatment and observed
that the use of malic acid to pretreat cotton-ginned materials helped to produce a slightly higher
(by approximately 1%) glucose yield than sulfuric acid (Sahu & Pramanik, 2018). Organic acids
have negligible activity for catalytic sugar degradation (due to their mildness) during the pretreatment process, which explains their slightly better glucose yield during enzymatic hydrolysis.
However, organic acids are not widely used for pretreatment of cellulosic biomass, mainly due to
their higher cost. Very limited work has been carried out on organic acid pretreatment and cost
comparison; further investigations are required to explore the advantages of organic acids over
mineral acids.
To elucidate the effects of dilute mineral acids on polyester and cotton fibers of dyed fabrics,
our research group (Li et al., 2019a; 2019b) treated different reactive dyed fabrics (100% cotton,
100% polyester, 60/40 cotton/polyester blend, 50/50 cotton/polyester blend) with 0.5% sulfuric
acid (H2SO4) at 121  C for 30 minutes. In the case of 100% cotton, no residue was left after the
pretreatment and enzymatic hydrolysis; with 100% polyester, in contrast, no weight loss was
observed. This shows that pretreatment with dilute H2SO4 and enzymatic hydrolysis can completely dissolve cotton without degrading polyester. In that study, in dyed blended fabrics,
approximately 15% of the insoluble PET wastes remained in the solution and needed to be
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appropriately recovered and re-spun into PET fiber. To optimize the process, blended fabrics
were treated with higher concentrations of H2SO4 for different durations to minimize the amount
of insoluble PET waste. The minimum insoluble PET waste (1.2%) was obtained with 4% H2SO4
after 40 minutes of treatment. The glucose yield has been found to be lower for dyed than undyed
cotton fabrics (Ranjithkumar et al., 2017), possibly due to the covalent bonding of the dye molecules with the cotton fibers, which restricts the enzymatic action and thereby the glucose release.
Ranjithkumar et al. (2017) also found that for blended fabrics, the glucose yield of cotton was
improved when using a blend with a lower percentage of cotton (for 100% cotton the glucose
yield was 41%, and for 60/40 and 50/50 cotton/PET the glucose yields were 67%) (Ranjithkumar
et al., 2017). This is possibly due to the increased surface contact of cotton cellulose during
enzymatic hydrolysis. Table S2 summarizes the findings of our literature review, covering various
chemical pretreatment methods used, their reported hydrolysis conditions, glucose yield and the
amount of polyester recovered from cotton/polyester mixed textile wastes.
Alkali pretreatment. Alkali pretreatment involves the use of bases, such as sodium, potassium,
calcium and ammonium hydroxides, to pretreat waste textile materials (Bensah & Mensah, 2013).
This increases cellulose digestibility by enhancing lignin solubilization and reduces the cellulose
crystallinity (Yang & Qin, 2014). For this reason, alkali pretreatment results in a very high glucose
yield. A major advantage of alkali pretreatment is reduced formation of fermentation inhibitors
(Brodeur et al., 2011). Nikolic et al. (2017) performed direct enzymatic treatment of mercerized
fabric (i.e. fabric washed with 22% sodium hydroxide [NaOH]) and obtained a glucose yield of
approximately 99% after hydrolysis (Nikolic et al., 2017). Ma et al. (2020) developed regenerated
colored cellulosic filament yarn through a wet-spinning process from 100% colored cotton fabrics,
by pretreating the fabric with sodium hydroxide and dissolving it into 1-butyl-3-methylimidazolium acetate and dimethyl sulphoxide (DMSO) to form a spinning solution (Ma et al., 2020).
This process recycles not only fibrous materials but also color of the fabric.
Lin and her research groups have conducted systematic work in this area (Li et al., 2019a).
They have mostly studied pretreatment using NaOH/urea, an effective combination for removing
the hemicellulose of cotton, which enhances the surface contact of the cotton cellulose during
enzymatic hydrolysis. In their initial work, they soaked the waste textile with NaOH/urea (12/7 v/
w %) at 20  C for 6 hours and observed more than a 9.5% enhancement in cellulase activity versus the untreated sample (Wang et al., 2018). Next, they changed the pretreatment process
slightly (Hu et al., 2018), i.e. before pretreatment with NaOH (7/12 v/w%), the waste textile
material was autoclaved at 121  C for 15 minutes. This process further increased the glucose yield
of cotton by approximately 57% in hydrolysis with a fungal cellulase, which was also derived
from the waste textile via solid state fermentation. The cleaning of the material surface by autoclaving evidently improved digestion of the materials during pretreatment. To further increase
the glucose yield, the same autoclaved and pretreated textile materials were treated with commercial cellulase (Wang et al., 2019). A 3% substrate loading was observed during enzymatic hydrolysis, and a maximum of 98.3% glucose yield was obtained. Polyester fibers from the blended
fabrics were collected from the hydrolysate and re-spun into yarn (Subramanian et al., 2020).
Ionic liquid pretreatment. The chemistry of anions and cations can be modified to produce a
wide variety of liquids known as ionic liquids (ILs) (Zhao et al., 2009). The main advantage of IL
pretreatment of the cellulosic biomass of textiles is the ability to dissolve various types of material
including cotton cellulose, lignin and hemicellulose under mild processing conditions. Semerci
and G€
uler (Semerci & G€
uler, 2018) pretreated cotton waste with 1-butylimidazolium hydrogen
sulfate ([HBIM]HSO4) in the presence of 20% (w/w) water at a material loading of 15% and temperature of 120  C for 4 hours. The lignin content of the cotton stalks was reduced by 35% and
the cellulose content increased from 36% to 55%. The enzymatic hydrolysis of the cotton fibers
was enhanced almost 5-fold, and a 92% glucose yield was obtained, despite the increase in the
crystallinity of the cotton fibers. Although the principle of green chemistry, using compounds
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with low toxicity, high biodegradability and recyclability, favors IL pretreatment, this process is
not widely applied to textile biomass due to the high solvent cost. Moreover, Lin and her group
(Li et al., 2019a; 2019b) have shown that an alkali pretreatment produces a higher glucose yield
than an IL pretreatment.
Determining the optimal pretreatment method through a comparative analysis of published
studies is made difficult by the wide variety of operational conditions, inoculum sources and biomass structures. Silverstein et al. (Silverstein et al., 2007) indicated that acid pretreatment mainly
degrades hemicellulose, whereas alkali pretreatment efficiently degrades hemicellulose, cellulose
and lignin. Possibly due to the higher degradation, a higher glucose yield has been observed for
alkali-pretreated cotton textiles than for acid-pretreated cotton textiles. It was also observed that a
stronger viscose fiber resulted from alkali-pretreated than acid-pretreated cotton (Ma et al., 2020).
As so few studies have applied IL and SCF pretreatments to textile waste, further work is warranted to properly assess the advantages of these two methods.
3.1.2. Physico-chemical treatment
As mentioned in Section 3.1, pretreatment can significantly modify the surface structure of textile
waste and therefore facilitate access by enzymes and fungi. Methods using harmful chemicals
(hydrochloric acid, tetramethylene sulphone) and expensive ionic solvents (N-Methylmorpholine
N-oxide (NMMO), N,N-Dimethyltryptamine (DMT)) have been developed for cellulose valorization. However, these methods are neither efficient nor cost-effective and generate environmental
pollution (Keh et al., 2020). Recently, a new approach has been developed using organic acids to
catalyze the hydrothermal reaction of PET/cotton blends (Keh et al., 2020). Organic acids including methanesulphonic, oxalic, tartaric, citric, malic, formic and acetic acids have been examined.
The reaction temperatures range from 110  C to 180  C and the reaction times from 0.5 h to 3 h.
After hydrothermal reaction, the reactant is first filtered through a mesh to separate PET fiber
and then through a membrane to obtain cotton fiber. Under the optimized conditions, the yields
of separated PET and cotton can be higher than 95% and 80%, respectively (Keh et al., 2020).
The major benefit of this method is the use of inexpensive biodegradable organic acids to attain a
satisfactory separation of cotton and PET. After separation, cotton fiber can be easily further
processed for glucose production or converted to other valuable chemicals (see Section 3.2), and
PET fiber can be used for regeneration (see Section 3.4).
3.2. Biological treatment
After pretreatment, enzymatic hydrolysis is carried out to obtain glucose. The major biodegradable component in textile waste is cotton, which is 95% cellulose. Therefore, the understanding of
cellulose hydrolysis by cellulase is a prerequisite for biological treatment. Cellulases make up a
multienzyme system (Srivastava et al., 2015) known to depolymerize cellulosic materials into fermentable sugars, mainly glucose, via glycosidic bond cleavage. They can be generated by various
types of bacteria, such as Cellulomonas fimi and Thermomonospora fusca (Bisaria & Martin,
1991), and filamentous fungi that belong to the genera Trichoderma (i.e. T. viride, T. longibrachiatum, T. reesei) and Aspergillus (A. niger N402, A. niger CKB) (N. Pensupa et al., 2013).
Trichoderma is the most widely studied fungal genus for the commercial production of cellulases
(Gusakov, 2011; Kuhad et al., 2011; Merino & Cherry, 2007; Sternberg, 1976). Cellulases’ commercial value comes from their wide range of applications in various industries, including textiles.
Their hydrolytic efficiency is affected by various factors, including the cellulase activity (Jeoh et
al., 2007), the composition of cellulosic materials (Leu & Zhu, 2012) and the pretreatment
method. The reactivity of the cellulase and the properties of the textile materials play an
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important role in the hydrolysis process (Linder & Teeri, 1997). Hydrolysis is also significantly
affected by the pH and temperature of the reaction vessel (Golan, 2010).
3.2.1. Use of oxidative enzymes in cellulose-based fibre waste treatment
In addition to glycoside hydrolases that are commonly used in the textile industry to act on cotton fabrics, many oxidative enzymes could potentially play important roles in textile modification
and pretreatment processes. For instance, lytic polysaccharide monooxygenases (LPMOs) are a
newly discovered class of copper-dependent oxygenases that are used to degrade recalcitrant polysaccharides on crystalline surfaces. These enzymes are therefore considered as a breakthrough in
the field, as oxidative cleavage of the glycosidic linkages catalyzed by LPMOs makes the substrate
more susceptible to subsequent hydrolysis steps (Lo Leggio et al., 2015). Four classes of LPMOs
are known so far, and they have been classified as auxiliary activity (AA) enzymes, of which AA9
LPMOs are exclusively found in fungi and preferably used to oxidize cellulose (Beeson et al.,
2015). With the help of electron donors including ascorbate, pyrogallol or accessory proteins such
as cellobiose dehydrogenase, the cellulose fiber structure can be ruptured by creating nicking
points that weaken the fiber cohesion (Villares et al., 2017). Because of this catalytic feature, cotton linters, an important by-product of the textile industry, can be upgraded to nanofibrillated
cellulose (NFC) using cellulases in synergy with LPMOs (Valls et al., 2019). Moreover, the mechanical properties of this nanomaterial can be further improved by using laccases, a type of oxidase
that can create new functional groups in cellulose.
Laccases are another group of copper-containing oxidoreductases and are abundantly secreted
in white-rot fungi (Mate & Alcalde, 2017). Fungal laccases are considered as high-redox-potential
enzymes with a T1Cu (ET1) of 710–790 mV versus the normal hydrogen electrode, and are versatile in oxidizing recalcitrant chemicals with diverse chemical structure. Moreover, laccases use
dioxygen as an electron acceptor and release merely water as by-product. Redox mediators, such
as tetramethylpiperidinyloxyl (TEMPO) in the case of NFC, are often coupled with laccases to
enhance material performance (Quintana et al., 2017). The textile industry also uses laccases to
treat dye effluents, which mainly consist of azo and anthraquinone dyes. Likewise, dye-decolourising peroxidases (DyPs) have recently emerged in bioremediation of textile dye waste (C. Chen &
Li, 2016). In contrast to other peroxidases/oxidases that are mainly found in fungi, DyP enzymes
mostly originate from bacteria (Sugano, 2009). Some DyPs exhibit oxidative activities against
Reactive Black 5, a recalcitrant industrial dye, even without the need of a mediator, in contrast to
laccases (Fernandez-Fueyo et al., 2015). DyPs are also readily manipulated genetically and
expressed recombinantly, and thus are likely to be a valuable addition to the toolbox for biological textile decolorization and detoxification.
3.2.2. Use of hydrolases in textile PET fibre waste treatment
Polyethylene terephthalate (PET) is among the most abundant synthetic polymers, having been
first developed as a textile fiber, and still widely used in the global textile industry due to its
excellent thermal and mechanical properties. However, the increasing accumulation of PET-based
fibers and microplastics is becoming a threat to the environment as they are non-biodegradable.
PET is derived from terephthalic acid (TPA) and ethylene glycol (EG), and the large amount of
aromatic monomers on the backbone reduces the chain mobility, which makes ester bonds resistant to hydrolysis. PET degradation becomes even more difficult when it has higher crystallinity
(Marten et al., 2005). In the past few decades, efforts have been made to develop approaches for
PET depolymerization and recycling, among which biological methods have gained particular
attention for their eco-friendly nature (Chen et al., 2013).
Recent studies have shown that cutinase enzymes have the potential to hydrolyze PET plastics
(Chen et al., 2013). Cutinases belong to the class of carboxylic ester hydrolases (EC 3.1.1) together
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with lipases and esterases. Members of this class can naturally degrade cutin, an insoluble aliphatic polyester from plant cuticles, but have broad substrate specificities (Chen et al., 2013).
Indeed, textile synthetic fibers including PET have often been pretreated by fungal cutinases to
enhance the hydrophilicity of the fiber surface (Hsieh & Cram, 1998; Silva et al., 2005).
Nevertheless, such enzymatic activities are very limited and have minimal or no capacity to
degrade the fabric body. The first PET hydrolytic enzyme (PHE) was isolated in 2005 from
Thermobifida fusca, a cutinase used to depolymerize amorphous PET (M€
uller et al., 2005). Since
then, several thermostable actinomycete PHEs have been identified including LC cutinase, which
was screened from a plant compost metagenome (Sulaiman et al., 2012). A drawback of these
thermophilic enzymes is their minimal hydrolytic activity at the ambient temperatures under
which or microplastic waste streams are generally processed.
Very recently, a mesophilic bacterium, Ideonella sakaiesis 201-F6, isolated from a plastics recycling facility, was reported to grow at 30  C on PET fiber as a carbon and energy source (Yoshida
et al., 2016). Detailed genomic and biochemical analysis revealed that the PETase (EC 3.1.1.101)
and MHETase (EC 3.1.1.102) operated in synergy to metabolize the resistant polymer. Under the
reported conditions, the PETase hydrolyzes PET into mono(2-hydroxyethyl) terephthalate
(MHET) as the main product, which is subsequently decomposed by the MHETase to the PET
monomers, TPA and EG (Taniguchi et al., 2019). Interestingly, PETase-like enzymes are rarely
found in other microorganisms, whereas MHETase orthologues are abundant, suggesting that
horizontal gene transfer may have occurred to endow the bacterium with PET-assimilating activities (Taniguchi et al., 2019). This vividly illustrates how living organisms rapidly evolve in
response to a new environment. In addition, structural comparison of PETase with Thermobifida
PHEs highlighted some unique features that may contribute to its better catalytic performance
(the canonical a/b hydrolase fold has a conserved catalytic triad of S160, H237 and D206 [numbering based on PETase]) (Taniguchi et al., 2019). These features include the additional disulfide
bond 2 between C203 and C239 as well as subsite II of the substrate binding cleft. Molecular
dynamic simulation also showed that the active site of PETase at room temperature is highly flexible, and is likely controlled by the unique disulfide bond, which is lacking in thermophilic PHEs
(Fecker et al., 2018). Moreover, the understanding of the structure–activity relationship in PET
hydrolysis has aided in engineering/discovering such enzymes with improved catalytic performance. For instance, the substitution of two active-site residues, S238/W159, in PETase with the
corresponding F209/H129 in T. fusca cutinase narrowed its more open binding cleft and thus
improved the degradability of crystalline PET (Austin et al., 2018). Intriguingly, the double
mutant PETase also showed prolific activity against polyethylene furanoate (PEF), an emerging
biobased PET replacement.
Most significantly, as a proof of concept in the CE, an LC-cutinase variant was recently
reported to depolymerize 90% of postconsumer PET powder at 72  C into TPA monomer, which
could then be reused to synthesize PET bottles of the same quality (Tournier et al., 2020). A variant with a 10  C higher melting temperature (Tm) relative to the wild-type cutinase was
achieved by introducing a new disulfide bond (D238C/S283C) into its calcium-binding site 2. The
change in Tm is significant, as it allowed the industrially valuable process to operate above PET’s
glass-transition temperature (Tg), where chain mobility increases and thus ester linkages become
more accessible. It is also noteworthy that PET micronisation prior to enzymatic treatment is
essential for more efficient outcomes (Hu et al., 2018). Altogether, this PHE-based process is
anticipated to play an important role in textile waste valorization. Different oxidases and hydrolases that could potentially be used in textile waste valorization are listed below in Table S3.
3.2.3. Textile waste fermentation
Currently, commercial cellulase is commonly produced from soft rot fungi by solid-state fermentation (SSF) and submerged fermentation (SmF) (De & Jungmeier, 2015). SSF is defined as a
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fermentation process that uses solid material as a substrate with low water activity, and it offers a
low-cost alternative for producing cellulases using natural polymers derived from agro-industrial
residues. Normally, enzyme extraction is required after SSF (Brijwani & Vadlani, 2011; Singhania
et al., 2010). In comparison, submerged fermentation using a free-flowing suspension is usually
associated with higher production output but also higher energy and material input into the system. The downstream process in submerged fermentation is favorable owing to the lack of an
extraction step (Couto & Sanrom’an, 2005).
In recent years, textile waste fermentation has been proven to be a feasible method of cellulase
production (Hu et al., 2018; Wang et al., 2018). Pretreated textile waste has been used as the sole
carbon source for cellulase production via SSF and SmF (Hu et al., 2018; Wang et al., 2018).
Through fermentation, cellulosic enzymes, especially cellulase, can be produced from textile waste,
which reduces the cost of purchasing commercial enzymes. The hydrolysis of textile waste by cellulases produced in this way is competitive with that by commercial enzymes (Hu et al., 2018;
Wang et al., 2018). Notably, textile waste has been utilized as a substrate for methane and hydrogen production through dark fermentation (Wang et al., 2018). Efforts have also been devoted to
isolate robust strains inhabiting textile waste in natural conditions to increase cellulase production
(Hu et al., 2018).
Solid-state fermentation of textile waste. Very recently, cotton-based textile waste has been utilized as a substrate in SSF for cellulase production. Hu et al. developed a new approach to utilize
cotton-based textile waste for fungal cellulase production by SSF. Six fungal strains, namely T.
reesei, A. niger N402, A. niger CKB, Rhizomucor variabilis, A. oryzae, and T. longibrachiatum,
on cotton fabric were screened under different moisture conditions (i.e. in the range of 65%–85%). All strains could grow on cotton fabric, and their cellulase activity was evaluated after
7 days using filter paper activity (FPase) to assess the degradation activity of the cellulase
enzymes. Among the six fungal strains, A. niger CKB yielded the highest cellulase activity (0.4
FPU/g) (Hu et al., 2018).
In a study designed to optimize the SSF of textile waste, the highest cellulase activity was
obtained at 28  C with the moisture content of 78%, inoculum size of 3.10  107 spore/g, pH of
7.29 and yeast extract of 2.24 g/L. The resulting cellulase activity of 1.56 FPU/g represented an
improvement by approximately 14% (Sahu & Pramanik, 2018). When SSF was compared to other
existing waste-to-cellulase processes, the b-glucosidase obtained in that study had the highest
enzyme activity, with a significant improvement over existing methods.
Submerged fermentation of textile waste. SmF is generally preferred in industrial enzymatic
processes due to its advantages including homogeneous environment, continuous oxygen supply
and better pH control, which facilitate cellulase secretion (Florencio et al., 2016). Wang et al. conducted submerged fermentation with five types of filamentous fungal strains (A. niger ATCC
201201, T. reesei ATCC 24449, T. longibrachiatum ATCC 52326, A. niger HDU and A. niger
CKB) and six types of textile wastes (pure cotton, cotton/PET (80/20), cotton/PET (60/40), cotton/PET (40/60), pure PET and jeans (99% cotton and 1% elastane)) (Wang et al., 2018). Further
optimisations included strain screening and the use of a nitrogen source, Tween 80 and inducer.
The highest cellulase activity (18.75 FPU/g) was obtained under the optimized conditions using
T. reesei ATCC 24449 with cotton/polyester 40/60 (Wang et al., 2018). Compared with SSF, the
SmF cellulase activity was 12 times higher.
3.2.4. Enzymatic hydrolysis of textile waste
Limited research has been carried out on the treatment of cellulosic fabric-based textile waste
using cellulase enzymes. Li et al. made use of commercial cellulase (Celluclast 1.5 L, Novozymes)
and b-glucosidase on pretreated cotton/polyester blended fabrics (Li et al., 2019b; Yoon et al.,
2014). The fabrics were pretreated with a mixture of 7% (w/v) NaOH and 12% (w/v) urea solution at 0  C for 6 h and washed thoroughly. The glucose yield was calculated after 0 h, 9 h, 12 h,
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24 h, 48 h, 72 h and 96 h. Pretreatment increased the glucose yield by 30% against the untreated
textile materials. A maximum glucose yield of more than 98%, with a cellulase dose of 40 FPU/g,
was obtained at a temperature range of 45–55  C after 96 h of hydrolysis.
Table S4 compares several textile-based fungal cellulases against commercially available cellulases (Novozyme, Cellulast 1.5 L) on a variety of textile fabrics (Li et al., 2019b). It is clear that
fungal cellulases extracted from cotton fabrics yield extremely similar hydrolysis efficiency to
commercial cellulase. These findings further demonstrate the practicability of the ‘circular textile’
concept of using biological methods by which textile products can be effectively recycled and
reused. If adopted, this would enable a restructuring of the global textile economy toward a
CE framework.
3.3. Fiber regeneration: Re-spinning of fibres
Downstream processing involves multistep unit operations for the recovery and purification of
the target products (fibers and value-added products). The most important objective in downstream processing is to maximize product recovery while minimizing the cost of production.
Recently, Lin and her research group proposed a biological method to purify the glucose-rich
hydrolysate derived from the hydrolysis of the cellulose in cotton/polyester blended textile waste
and to regenerate PET fiber from the recovered PET residue (Subramanian et al., 2020). The suspended solid PET residue was first separated from the hydrolysate by filtration. The glucose-rich
hydrolysate was treated with activated carbon, and subsequently, the activated carbon was
removed by vacuum filtration. The hydrolysate was then processed in ion exchange columns to
remove the ions. The columns were cleaned with deionized water and regenerated with H2SO4
(50 w/w%) and NaOH (7 w/v%). Finally, water was evaporated off from the purified hydrolysate
solution to obtain a concentrated glucose sirup. In this method, washing the columns with the
remaining hydrolysate reduces glucose recovery. Overall, 75% glucose recovery was achieved, i.e.
15 g/L of glucose-rich hydrolysate was purified to obtain 60 g/L of concentrated glucose sirup
using this downstream processing method. The solid PET residue filtered from the hydrolysate
was re-spun to obtain a good-quality PET fiber that can be applied in the textile industry in three
steps: granulation (pellet formation), solid-state polymerization (increasing the molecular weights
of the pellets) and melt spinning (addition of PET bottle chips to the pellet in a ratio of 80:20)
(Figure 2). Melt spinning, a closed-loop recycling strategy, is widely used because it is simple and
economical (Midha & Dakuri, 2017).
The regenerated PET fiber can be used in textile applications and the purified glucose can be
used as such or turned into value-added chemicals and materials after synthesis (To et al., 2019).
However, the purity of the PET residue filtered from the hydrolysate affects the quality of the respun PET fiber (final product) due to the possible blockage caused by the insoluble residual cotton content, making necessary a higher hydrolysis efficiency by sufficient stirring. It was also
found that adding PET bottle chips to the pellets during melt spinning is not cost-effective and is
associated with potential environmental impacts (Subramanian et al., 2020). Higher hydrolysis
efficiency enables efficient downstream processing. Biodegradable fibers can be enzymatically
hydrolyzed, but the toxicity of the chemicals used in dyeing and finishing processes have to be
considered if the loop is to be truly closed (Payne, 2015). The recyclability of the dyes used in
these spinning processes needs further exploration.
M€
uller (2016) proposed a biochemical process for textile waste containing flame-resistant synthetic fibers like aramid and enzymatically hydrolyzable fibers like viscose. First, enzymatic
hydrolysis is used to obtain glucose, which can be used in bioethanol production. Solid additives
that have been spun into viscose fibers are also released in the hydrolysis step, and can be filtered
and potentially reused (Piribauer & Bartl, 2019). Finally, synthetic fibers are mechanically separated, and are re-spun into new yarns for new applications. The Resyntex project involved
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Figure 2. A simplified process flow of re-spinning of PET residue recovered from enzymatic hydrolysis to obtain PET fiber for further textile applications.

biochemical processing of: (1) cotton textile waste to obtain glucose (which can be fermented or
used to synthesize other chemicals); (2) polyester into monomers (to create new PET bottles); (3)
polyamide into polyamide oligomers (value-added chemicals); and (4) wool into protein hydrolysates (used as resins or adhesives). Researchers have also recommended the use of ionic liquids
containing acetate and imidozolium as solvents to separate cotton and polyester from blended
waste by dissolution of cellulosic fiber (cotton) in the ionic liquids, followed by filtration of polyester fiber and extensive rinsing with deionized water (Robinson, 2020). The cellulose–ionic liquid
solution is used as a spinning dopant, and the recovered cellulose fiber is re-spun by wet spinning, making it an efficient operation in industrial applications. The original color of the recovered cotton is preserved, making dyeing an optional step (Ma et al., 2020).
Overall, the proposed methods to separate cotton and polyester blends include dissolution in
urea/ionic liquids and enzymatic saccharification. Section 4 further discusses the applications of
the value-added products. These methods can be considered a closed-loop strategy leading to a
CE; nonetheless, their economic and environmental viability is yet to be explored, as most of
these processes are still conducted at laboratory scale.

4. High value-added products from textile waste valorization and their applications
Valorization of textile waste into higher value-added products has gained increasing interest from
researchers striving for sustainable energy supplies and effective textile waste management.
(Johnson et al., 2020) compared different valorization processes and products from cotton waste
to their virgin alternative products, shedding light on potential new markets for products from
waste cotton that do not compete with virgin cotton applications. Cotton and other textile wastes
have been repurposed for value-added products such as composites, microbial fuel cells, potassium-ion exchange, environmental applications of biochar (catalyst/adsorbent), sound absorbers,
thermal insulators and electromagnetic interference (EMI) shields (Shirvanimoghaddam et al.,
2020). Valorization of waste jeans to recover cotton fiber and polyester showed economic returns
up to $1,629/ton and reduction in carbon footprint by 1,440 kg of CO2-eq/t of waste (Yousef et
al., 2020). The cotton part of waste jeans can be valorized to produce biogas, bioethanol and sugars (Hasanzadeh et al., 2018; Nikolic et al., 2017). (Haslinger et al., 2019) demonstrated the
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chemical upcycling of dyed pre- and postconsumer cotton waste to new man-made cellulosic
fibers retaining the color and with better properties than commercial viscose or lyocell. Highquality activated carbon that can be used for various adsorbent applications was produced from
cotton biomass waste materials (Sartova et al., 2019). Microcrystalline cellulose was prepared
from waste cotton fabrics by catalytic hydrolysis of phosphotungstic acid (H3PW12O40) (Hou et
al., 2019; Shi et al., 2018). Industrial cotton wastes like cotton oil, cotton silver waste, short staple
cotton waste and cotton gin waste were valorized to produce cellulose nanocrystals (CNCs),
which have promising applications in biomedicine and hydrogels (Maciel et al., 2019). Spherical
CNCs extracted from viscose fiber waste are considered an effective value-added alternative with
high potential as Pickering emulsion stabilizers in ‘green food’ and nanofillers in high-performance composites (Ye et al., 2018). Wastes from colored cotton fabrics are considered promising
raw materials for the production of regenerated cellulose fibers (Ma et al., 2020). Utilization of
textile waste as an energy feedstock in the form of biochar was explored, and it was found that
cotton and cotton-blended wastes can potentially be used to produce a solid fuel as a substitute
fuel in coal/waste co-firing systems (Hanoglu et al., 2019). Diverse mixed fiber wastes are processed and used as composite blend mixtures for textile fiber-reinforced composite (TRFC), an
alternative low-carbon, nontoxic material that can be used in high-end building applications
(Echeverria et al., 2019). Our research group has successfully demonstrated recovery of glucose
sirup and polyester fiber from cotton and polyester waste fabric (Li et al., 2019b). Cotton/polyester blended wastes are also used as low-cost feedstock for producing fungal cellulase through SSF
(Hu et al., 2018; Sahu & Pramanik, 2018).
Textile waste water contains toxic pollutants such as a variety of dyes and metals, as well as
organic additives that can be converted to value-added products. Recently, the potential of bioenergy production, including biogas, biohydrogen and bioelectricity, by bioremediation of textile
waste water has been explored. The use of microalgae cultivation has attracted particular attention
because of its pollutant removal ability and biomass utilization (Fazal et al., 2018; Thi Nguyen et
al., 2019). For example, Lin et al. (2017) investigated a hybrid technique including microalgae
processes for treating starch-containing textile waste water and reached a total hydrogen, methane
and ethanol energy production rate of 16.9 kJ/(Ld). Behl et al. (2020) studied the feasibility of
bioelectrode fabrication and bioelectricity generation by using Chlamydomonas sp. TRC-1 for textile waste water treatment.
Overall, it can be found that most valorization efforts have focused on converting textile waste
into various value-added products such as activated carbon fiber and char. Some researchers have
used textile wastes as feedstocks for energy production, whereas a few others have more recently
focused on recovery of glucose and cellulose from textile waste. A list of value-added products
derived from textile waste is displayed in Table 1.

5. Challenges to textile waste valorisation
Although valorization is considered as an effective way to achieve a circular textile economy and
notable advances are being made in terms of optimizing and improving the efficiency of valorization methods, multiple challenges are also apparent at different stages.
 The collection and separation of textile wastes has been one of the greatest obstacles limiting
effective recycling/biorefinery pathways, considering the sheer diversity of garments with
respect to trim, style and fiber type (Navone et al., 2020). As there are currently no commercially viable solutions for separating and recycling the mixed fiber wastes, these processes are
highly labor-intensive. Therefore, human power and professional knowledge are often needed
to separate blended fabrics into their components for further processing (Navone et al., 2020;
Payne, 2015; Pensupa et al., 2017). An efficient collection, sorting and distribution system will
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be essential for maximizing the commercial benefits of textile waste valorization
(Wang, 2010).
 The varied structure and properties of fibers result in potential quality degradation of the
fiber during separation and recovery, which is a particular challenge to achieve substantial
recyclability of PET fibers (Haslinger et al., 2019). Durability of the textile fibers depends
on two key parameters: (i) intrinsic viscosity and (ii) tenacity. Ideally a recycled or respun
PET fiber of intrinsic viscosity 0.63-0.64 dL/g and a tenacity of 4-5 g/den has to be produced for extended shelf life and improved sustainability (Kwan, 2018). Achieving these
physical properties still remains a challenge in upcycling. The quality of the recycled yarn
has to be high in terms of color and purity if it is to be reused in apparel manufacture.
PET substrates with a lower degree of polymerization generally increase the complexity of
recycling PET-based textile waste to new fibers and require alternative processing techniques (Haslinger et al., 2019). Some researchers also claim that fiber regeneration, an
important downstream process in valorization, is equivalent to mechanical recycling in
that it is still fossil-based and utilizes secondary polyester from bottles to produce staple
fibers, and hence may not be a viable procedure. Research efforts to improve the quality
of the recovered polyester fiber are at present restricted to laboratory scale and used for
analytical purposes.
 The selection of an appropriate valorization process with maximum product yields and environmentally benign technology is challenging (Navone et al., 2020; Yousef et al., 2019). A life
cycle assessment (LCA) study by our research group revealed that valorization of 50:50 cotton/polyester blend can be environmentally beneficial if (i) the alkali pretreatment method is
improved to facilitate enzymes access the internal structure of the cellulose, and (ii)the enzymatic hydrolysis step is optmised to use minimum enzymes and energy inputs to improve the
final quality of the recovered polyester pellets used in the melt spinning processes.
(Subramanian et al., 2020). A technoeconomic assessment (TEA) of cotton/polyester valorization by our group also indicated that recovering PET residue from the reactor at the end of
hydrolysis was challenging, resulting in reduced product yield.
Apart from the above-mentioned challenges, financial constraints, such as the cost of the raw
materials, especially commercial enzymes, could be another significant factor affecting the economics of biorefining (Hu et al., 2018; Kwan, 2018). In the downstream processes, the cost of
PET bottle chips, accounted within the raw material costs, was identified as another critical factor
that affected the overall profit (Kwan, 2018). Regeneration of the solvents, acids and chemicals
used is also important to reduce the overall costs (Yousef et al., 2020). In addition, the revenue
obtained from valorization tends to decline, resulting in a slow decrease in capital investment,
which could be a huge concern for the textile industry (Pensupa et al., 2017).

6. Conclusions and future outlook
Successful valorization of textile waste to produce fiber that can be directly used in the apparel
production system would represent a major milestone in the efforts to circularize the textile economy and minimize the environmental impacts of the textile sector. In this review, various valorization strategies are comprehensively studied, and key factors like operating conditions,
efficiency, fiber regeneration, value-added products obtained and their applications are presented
in detail. Drawing on the identified valorization methods, this review highlights the possibilities
for improvement and stresses the importance of technological development of textile waste valorization in terms of obtaining improved fiber quality at reduced cost and environmental impact.
Several areas can be identified that need further efforts to promote sustainable textile waste
valorization:
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 A strong understanding of the location and quantity of textile waste is being generated, the
quality requirement of the recovered fiber and the potential market application of the recovered fiber and the value-added by-products is needed for successful implementation of valorization strategies. Data on where and how waste is still pervasive will aid in successful
collection/sorting/transport of these wastes and make the valorization process a reasonable
proposition. Few researchers have investigated the quality requirements of cotton and polyester in garment applications, and other applications are yet to be explored at all. The market
potential of the recovered fiber and the value-added products must be accurately assessed to
avoid counter-productive attempts to recover/produce a product that is less economically
favorable than its virgin counterpart.
 Although technical advancements of valorization strategies is essential, a strong understanding
of the associated environmental, economic and social implications is also needed. LCA and
TEA of valorization methods, both at laboratory and industrial scales, are recommended for
further optimization of the unit processes in terms of energy and raw material consumption.
A comparative LCA and cost analysis of different end-of-life options of textile wastes can also
help researchers and other stakeholders comprehend the benefits and tradeoffs of valorization
techniques over traditional recycling methods.
 To better satisfy the principles of sustainability and deal with the key challenges mentioned, a
coordinated regulatory framework and a partnership mechanism concerning the entire textileto-textile chain should be carefully designed and maintained. For example, more administrative and financial instruments such as standards, guidelines, pilot projects or funding schemes
could be provided as part of the incentive system for more sustainable practices to take hold.
These efforts, together with support from diverse groups of stakeholders, could contribute to
the development of a circular textile economy.
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